Greater confinement of the soil foundation may globally reduce the shear span length, which may raise the risk of shear failure of RC piles. On the other hand, soil confinement may improve the flexural ductility of the pile section locally. This study discusses these global and local impacts of soil confinement on the RC-pile mechanistic behaviors, experimentally and analytically. Small-scale mortar-based piles were newly produced as a mockup of real-scale reinforced concrete so as to obtain the consistent nominal shear strength by reducing the shear transfer along cracks to overcome the size effect. Then, the global impact of soil confinement on pile shear failure is reproduced inside the small-scale experimental devices with soil. The soil-pile interaction test also shows the local impact of soil confinement in terms of increasing the flexural ductility of the miniature pile section by suppressing cover spalling and local buckling of reinforcement. It is confirmed that the coupled local and global effects of soil confinement can be consistently taken into account in 3D computational simulation without reducing the degree of freedom for strain fields.
Introduction
The serious damage caused by the Hyogoken-Nanbu Earthquake of 1995 to both on-ground and underground structures provided impetus for experimental and analytical studies on the seismic performance of pile foundations as a pressing issue of concern. A series of variant scale experiments were carried out (Tamura et al. 1999; Shirato et al. 2007; Towhata 2008) . As large-scale experiments are generally difficult to execute for parametric studies, small-scale ones have been conducted. Here, elastic piles (steel, aluminum, plastics) have been used in rather small-scale experiments where the structural nonlinearity of piles may not be explicitly taken into account (Matsumoto et al. 2010; Wilson 1998) .
The main function of RC piles and columns is to sustain gravitational axial loads, but other straining actions of combined flexure and shear may hardly be avoided because of the lateral actions of seismic loads and constraints by soil foundation. The current design concept is to make structures safe by properly evaluating deformability under a precondition to allow damage to some extent during an intense earthquake (Takase et al. 1999) , and avoiding occurrence of shear failure to axially loaded RC members in compression by increasing the member-inherent ductility, which is practically designated with the index denoted by JSCE 2002 as, 
where V u is the shear capacity of the RC member, H is the shear span length, and M u is the flexural capacity.
When the ductility index φ is greater than 1.2~1.3, practically sufficient inelastic deformation is realized. If it is less than unity, shear failure may take place before yielding of main reinforcement and a brittle collapse against the axial forces will be initiated (Okhovat et al. 2009 ).
The section capacities of M u and V u in Eq.
(1) are correlated to the dimensioning and detailing of RC piles and material strength used, but the shear span (H) is potentially correlated to both the soil rigidity, confining pressure and the pile's stiffness. The comparatively greater stiffness of soil may induce shortened shear span length in piles, resulting in higher shear forces. As the shear span length results in the global soil-pile nonlinear interaction in nature, this is defined as "global impact of soil confinement" in this paper. It is known that the shear span length is strongly correlated empirically to the active pile length L a (or the effective length: Konagai et al. 2003) , and in general, L a is closely related to the following parameter L o
where EI is the flexural stiffness of the pile, and μ is the shear modulus of soil (representative value). Maki et al. (2004) demonstrated that the higher the axial load is, the shallower the depth of the maximum damage of a pile (active length) that develops. However, these formulae cannot be applied to the inelastic range of piles. Attention also must be directed to the fact that RC piles may exhibit higher flexural ductility due to the local confining soil pressure (Imamura et al. 2007) . Since this confinement would improve the ductility of the particular section, this is defined as "local impact of soil confinement" in this paper. The aim of this study is to artificially reproduce both global and local impacts of soil confinement to RC piles by means of small-scale mockups of soil-structure interacting system, and to finally propose a full 3D computational approach that may consistently assess the pile ductility associated with both shear failure and flexural ductility inside the soil foundation.
It is more difficult to cause shear failure in smallerscale mockups of cementitious composites because of the "size effect" (the smaller the size of a member is, the higher the nominal shear strength that develops) of the shear strength, unlike the flexure. This means that the proportional downsizing of any soil-pile system leads to different failure modes even if the gravity effect were adjusted by the centrifugal action. Thus, intentional reduction of the shear strength for small-scale mockups of concrete piles is needed. To overcome the unavoidable size effect, the authors propose the use of mortar with low shear transfer along crack planes, as shown in Fig.  1 . This is something of a trade-off between the higher shear strength resulting from the small scale of piles and the reduction in shear capacity of mortar free from coarse aggregate with less interlocking along crack planes.
In order to simulate the inelastic mechanics of soilpile systems as well as the size effect on ultimate capacity, the authors also present the numerical simulation of full three-dimensional (3D) extent. The computed global and local impacts of soil confinement are compared with the small-scale mockup in consideration of the size effect for verification, and the 3D generic modeling of RC members inside the foundation is raised without using reduced 3D fiber modeling. 
Experimental approach to soil-pile interactions
It was numerically obtained by the preliminary analyses with the modeling (see appendix) that RC lineal members made of mortar with small diameters (5~15cm) may reproduce nominal shear strength similar to that of the real scale ones made of concrete (40~70cm diameter) as shown in Fig. 2 . Here, the tension softening developing in finite elements is taken into account so that the fracture energy becomes consistent regardless of the element size, and the absence of coarse aggregates is represented by the reduced shear transfer of mortar analysis. It has to be noted that the reduction rate of the nominal (macroscopic) strength of the lineal members like beams is not proportional to that of the (microscopic) shear transfer across a crack plane, because the shear failure of the lineal members is affected by the nonlinear interaction of local bond of reinforcement and tension softening of cracked concrete with the shear transfer as well.
As the soil confinement is a primary factor of discussion as stated in Section 1, a set of miniature pile mockups (5 cm diameter) were tested under different levels of soil confinement including nil confinement in air. This study focuses on the RC pile responses near soil surfaces or liquefiable thin layers where higher shear force is induced in general (Yuan et al. 2003) .
2.1 Small-scale mortar piles analogous to largescale RC Pile mockups 5 cm in diameter were made of mortar and four deformed reinforcing bars of 4mm diameter (D4) were installed into each pile (axial reinforcement ratio = 2.56% and bending reinforcement ratio ≈ 1.25%). Paper pipes 5 cm in inner diameter were used as formworks to produce smooth surfaces and allow easy peeling off. To reduce water absorption by the paper pipe formwork during casting and curing, the inner surface was painted with oil one day before casting (see Fig. 3 ). The reinforcing bars were hooked at both ends to avoid anchorage failure in the tension side (see Fig. 4 ).
Two types of miniature piles were produced in view of local buckling of main reinforcement. One was piles with attached snap-pins at 5 cm or 2 cm spacing to reduce the local buckling length of the bar in the compression zone. The other one was piles without any pins. During mortar casting, steel bars were fixed firmly to the inner surface of the paper pipe using nylon clips and screws as shown in Fig. 4 . The mortar was cast from one side of the mold, which was inclined at a 45 o angle during that procedure. Compaction was provided to obtain a uniform model with smooth surfaces. The mortar mix proportions are listed in Table 1 .
One day after casting, the paper molds were peeled off from the mockup piles. The specimens were then cured in wet conditions for 28 days. Afterwards, static loading was conducted. The mortar and steel bar proper- 
Loading setup
Two types of loading set-up were conducted. One was the set-up of pile mockups subjected to combined flexure and shear in air, and the other one was the set-up of pile mockups surrounded by soil foundations of different magnitudes of confinement according to the static soil pressure in reality. The former set-up is regarded as the standard case of no confinement and used for verification of the computational method used for simulating mortar specimens. The latter one is analogous to both global and local impacts of soil confinement on the nonlinear behaviors of piles in the foundation as listed in Table 3 . The boundary conditions of both cases are different, but the displacements of these two piles with the same cross-section are commonly governed by the sectional moment-curvature relation. Then, the pile experiment in air is aimed to verify the numerical modeling for flexure, which develops in the constant moment zone in between loading points. Then, the experiment of pile in soil is regarded as the one for verification of shear which is created by the non-uniform soil pressure as well as flexure.
Flexure of mortar piles without confinement
Two piles 5 cm in diameter, 100 cm in total length (effective span: 63.2 cm), and the section-averaged reinforcement ratio of 2.56% (four D4 bars) were tested in air. One pile had snap-pins as stirrups, and the other did not. The piles were vertically loaded at two bearing points as shown in Fig. 5 . The mid span deflection was measured by using two displacement transducers (LVDT) as shown in Fig. 6 . Shear failure was intentionally avoided so as to obtain flexural ductility under no confinement.
Combined shear and flexure under soil confinement
Three RC piles 60 cm in span length were tested while being subjected to three different levels of soil pressure (indicated as low, medium and high) in view of the global impact of soil confinement. This static state of loading is thought to be similar to the pile tops subjected to horizontal actions as stated in Section 1. Two additional RC piles with snap-pins attached to main reinforcing bars (5 and 2 cm spacing) were tested under low soil confinement to check the local confinement effects on concrete cover spalling-off and the local buckling of steel as shown in Fig. 7 . A rigid soil box (46.4 cm x 70.0 cm x 80 cm) was firmly fixed to the load-testing machine and first filled with Hamaoka sand to a depth of 10 cm. Afterwards, the miniature mockup pile was hanged horizontally by two vertical hangers (PC tendons). Every hanger was con- nected to the hydraulic jacks and the load cell placed on the rigid steel box beam. Two manual pumps were connected to both hydraulic jacks. After the setup, Hamaoka sand was poured up to a soil depth of 60 cm, and a set of two steel plates connected by a steel I-beam was placed on the soil top surface as shown in Fig. 8 . After all the experiment apparatus was set up, two loading steps were carried out. First, the top ends of the hangers were released and the loading machine head was statically moved downward. The vertical force was transferred to the soil surfaces through the I-beam's upper flange (confining load level, 10 kN, 20 kN and 40 kN). The vertical load was kept constant and uniformly distributed on the soil top surface through two rectangular bearing plates (64 cm x 18 cm x 2.2 cm) bolted to the I-beam's lower flange as shown in Fig. 8 and Fig. 9 . After setting a certain level of confinement, the top ends of the hangers were manually tied and lifted up using two sets of manually controlled hydraulic jacks. The load and displacement of every hanger were measured by using the load cells and the displacement transducers.
Computational approach to soil-pile interactions
In this study, to investigate soil confinement, full 3D finite element modeling with material nonlinearity (see Appendix) was used in combination with the experiments discussed in Section 2. Owing to the geometrical symmetry of the single soil as shown in Fig. 10 , one quarter of the experimental 3D extent was analytically targeted. For the coupled soil-pile system shown in Fig.  11 , the friction between hangers and the surrounding dry sandy soil was neglected due to the small contact surfaces of the hanger rods. The set of two rectangular plates and the I-beam were simulated by thin shell plate elements as shown in Fig. 11 . The initial stiffness of the tested soil was specified to be 6.0 MPa to achieve the experimentally obtained initial rigidity corresponding to the initial compaction. The confinement dependent soil elements were used to simulate the entire soil surrounding RC pile to produce non uniform pressure distribution (longitudinally and peripherally) on the RC pile during its lateral movement as in reality. 3D solid finite elements were used to be able to simulate both shear and flexural failure of piles.
The same loading program as that of the experiment is applied on the analytical model stated above. Coulomb's frictional interface elements are placed between the surface of the pile and the surrounding soil element. In order to consider the reduced shear transfer of mortar, 25% of the rough cracks of concrete with gravels are assumed in the analysis (Maekawa et al. 2003) . The longitudinally arranged snap-pins may control the buckling size of main reinforcing bars in flexure. In the analysis, the snap-pins are represented by transverse steel similar to the stirrups and ties. 
Global and local impacts of soil confinement
4.1 Preliminary check of miniature pile in flexure Figure 12 shows the flexural failure accompanying mortar crushing of the piles tested in air. The damaged mortar cover length was more than 10 cm in both cases of A.WSP and A.SP in Table 3 . The local buckling length of the steel bars was about 8 cm and 5 cm for the cases of A.WSP and A.SP, respectively. The snap-pins appear to control the local buckling length of longitudinal bars. The flexural damage is mainly concentrated at the mid span of the piles. Figure 13 and Fig. 14 show an increase in the pile ductility through the use of snap-pins similar to stirrups. The simulation shows a fair agreement with the experimental load-displacement diagram and the localized damage at the mid-span of the piles (Fig. 15) . For the pile analysis without pins, local buckling length is assumed to be 8cm and the space-averaged model of buckled reinforcing bar is applied (Dhakal and Maekawa 2002) . The simulation results are not so far from the reality even though the concrete model is applied to mortar with some minor modification in consideration of different mechanical properties (See Appendix). Thus, the applied simulation method may be applied to structural mortar with transverse ties in flexure as well.
Global impact of soil confinement
As for the overall soil-pile interaction, the uplifting force and the displacement of both left and right hangers 
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were controlled to produce simultaneous movement to both ends of embedded piles in the soil foundation. As shown in Figs. 16a, b and c, the uplift forces of the two hangers are consistently controlled under different levels of soil confinement pressure. The analyzed uplift load-displacement diagrams are not so far from those of the experiments. Figure 16d shows the sensitivity of soil mean confining pressures on the uplift forcedisplacement relations. Figure 17 shows the experimentally obtained failure mode in both flexure and shear. When greater soil confinement is applied, larger shear force may arise at the loading ends of the piles. Then, the global impacts of soil can be experimentally detected by checking the mode of failure at the loading points. As a matter of fact, shear failure can be seen when the soil's overall confining pressure is large. The computational simulation of the mockup pile bending test shows consistency of different failure modes with the experimental results, as shown in Fig. 18. 
Local impact of soil confinement
The maximum bending moment arises at the center of the pile specimen inside the soil foundation, where the shear force becomes zero regardless of the magnitude of soil pressure. Thus, the local impact of soil confinement on the flexural ductility can be identified by examining the flexural damage of the pile at the span center. As shown in Fig. 17 , the crushed zone of cover mortar, which is similar to the localized compression of the pile in air (Fig. 12) , can be seen under the low confining pressure of soil (S.WSP.L, S.SP.L.5 and S.SP.L.2). The size of the spalling mortar cover is less than 3 cm length longitudinally, and local buckling of compressed steel bars is not readily observable in any of the three cases. In comparison with the flexural failure mode of the piles in air (Fig. 12: no local confinement) , the flexural compressive localization at the maximum moment section is very effectively blocked out. This local impact on flexural failure can be traced by full 3D nonlinear analysis as shown in Fig. 18 .
For the multiple validation of confinement effect, a rough estimation of the applied shear force and capacity was made by using just the experimental facts. As the shear force is equal to the gradient of the bending moment along the axis of the pile and the moment at the uplift loading point is zero, we have,
where M u is the flexural capacity (= 0.556 kN.m) and L shear is the shear span length in between the extreme end of uplift loading and the section of main steel yielding. Figure 19 shows the estimated ultimate shear force in each loading program by measuring the distance between the cracked section nearest the pile end and the uplift point as L shear . It is found that the roughly estimated shear forces do not exceed the shear capacity calculated by the code specification (JSCE 2002). Consequently, it can be said that the experimentally obtained mode of failure is consistent with current knowledge regarding structural concrete. 
Local confinement to inelastic pile behaviors in flexure
The soil-pile interaction system under static confinement can be treated through full 3D computational simulation where the shear failure of piles and its size effect (global impact), and the flexural ductility related to local soil pressure (local impact) are inherently taken into account. Thus, the authors sought to extract the local effect of soil confinement from the coupled analysis results of macro and micro effects.
Impacts of soil confinement magnitude on RC pile ductility
To clearly illustrate the computationally obtained effects of soil confinement on the flexural ductility of the pile, the moment versus curvature relation is analytically extracted at the mid-span cross-section and shown in Fig. 20 . By comparing the ultimate curvatures of the bending tests in air and under low soil confinement magnitude environments, it is clearly shown that soil confinement improves the pile ductility in flexure. It seems that the ultimate curvature at the mid-span of the piles for the cases of higher magnitude of soil confinement is lower than that predicted as a result of shear failure evidence at the pile ends.
As the soil confinement magnitude increases greatly, the pile shear failure is numerically predicted before the flexural failure. Thus, flexural ductility cannot be discussed under the higher confinement. Thus, in order to clearly show the effect of the soil confinement magnitude under a wide range of confinement conditions, flexural simulation was conducted by adding constant confinement pressure (CP) to the analytical model in air as shown in Fig. 21 . The increasing confinement pressure from 0.0 to 1.0 MPa shows the ultimate moment and the curvature limit as plotted in Fig. 22 , which clearly indicates the significant positive effect of the soil confinement magnitude. The existence of the axial stress on the RC pile was analytically checked to illustrate the reduction in RC pile ductility as shown in Fig.  22 . For a practical engineering perspective, the equivalent web reinforcement ratio to soil confinement magnitude can be calculated and plotted on the same figure.
Effect of RC pile flexural capacity
As the analysis may practically work with the experiment, the effect of the RC pile bending capacity on dragging force under different levels of soil confinement was analytically investigated. While the original RC pile has a 2.56% reinforcement ratio, two other cases were provided by changing the amount of steel to be 1.25% and 0.6 %, respectively. In addition, other two extreme cases were examined. One case considered an RC pile with elastic steel bars maintaining the original amount of reinforcement (2.56%), and the other case considered the entire pile to be elastic. Figures 23a, b and c show the effect of the pile bending capacity on the uplift force-displacement under variant soil confinement levels. Figure 23d shows the uplift force-displacement of the full elastic pile. The uplift force-displacement initial stiffness seems to be independent of the RC pile bending capacity, while it depends on the soil rigidity. The RC pile bending capacity has a more pronounced effect on the uplift load capacity in the case of low soil confinement than in the case of high soil confinement. 
Conclusions
The global and local effects of soil confinement on the failure mode of RC members were experimentally and analytically investigated and compared with the pile behaviors in air. The following conclusions can be drawn. 1. The nominal shear strength of large-scale RC piles can be achieved in small scale mortar piles with reduced shear transfer along diagonal shear cracks. Thus, a similar mode of failure can be reproduced experimentally even in a small-scale soil-pile interacting system regardless of the size effect that applies to the shear mechanism. This small mockup of piles is expected to serve as a part of future soilstructure interacting experiments with sizeconsistency. 2. Although soil confinement increases the RC pile ductility associated with crushing of cover concrete and the local buckling of steel, it may reduce the effective pile shear span length, which drastically increases the risk of shear failure. The authors propose that this trade-off confirmed by the analysis shall be explicitly considered in practical designs. 3. The flexural and shear failures of piles under soil confinement could be simulated by using full threedimensional simulation without degeneration of degree of freedom of strain fields. Regarding this soil confinement effect on piles, so called fiber modeling for lineal members may be hardly applied.
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As each component is given different strengths, all components subsequently begin to yield at different total shear strains, which results in a gradual increase of entire nonlinearity. The nonlinear behavior appears naturally as a combined response of all components. Hence, the total shear stress carried by soil particles is expressed with regard to an integral of each component stress as, ) are deviatoric tensors of total strain, those of plastic and elastic strains of the m-th component, respectively. These component parameters can be uniquely decided from the shear stress strain relation of soil under the referential constant confinement (Maki et al. 2005) .
In general, the volumetric components may fluctuate and affect the shear strength of the soil skeleton. In reality, the shear strength of soil may decay when increasing pore water pressure leads to reduced confining stress of the soil particle skeleton. The multi-yield surface plastic envelope may inflate or contract according to the confinement stress as shown in Fig. A4 .
It can be formulated by summing up the linear relation of the shear strength and the confinement stress as, 
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For simulation of the pore water pressure and related softening of soil stiffness in shear, the volumetric nonlinearity of the soil skeleton has to be taken into account. The authors simply divide the dilatancy into two components according to the microscopic events. One component is the consolidation (negative dilation) as unrecoverable plasticity denoted by ε vc . The other is the positive dilatancy associated with alternate shear stress due to the overriding of soil particles, which is denoted by ε vd as, 
Where K 0 is the initial volumetric bulk stiffness of the soil particle assembly and can be calculated by assuming the initial elastic Poisson's ratio denoted by 
The volume reduction of pores among soil particles will cause increasing pore pressure under undrained states, which may lead to liquefaction. According to experiments on sandy soils, the following formulae are adopted, (Okhovat, et al. 2009 ). (Okhovat, et al. 2009 
